Purpose To investigate the possibility of collagen type VIII a2 (COL8A2) as a potential susceptibility gene for Korean patients with Fuchs' corneal dystrophy (FECD), we performed mutation screening of the COL8A2 gene. Methods A total of 25 FECD patients were screened, including 15 patients from six pedigrees with early onset FECD and an additional 10 unrelated patients, all of Korean ancestry. Seventy-three control individuals without corneal disease were selected from the general population. PCRFSSCP and direct sequencing were used to screen genetic variations in COL8A2. The pathogenic impact of these sequence variants was evaluated through the SIFT and PolyPhen algorithms.
Introduction
Fuchs' corneal dystrophy (FECD) is a bilateral, progressive degenerative disease of corneal endothelial cells, which leads to progressive edema of the corneal stroma.
1,2 FECD can be characterized by the formation of guttae, microscopic refractile excrescences in the collagen-rich basal lamina secreted by the corneal endothelium. These structures block ion transport and solute barrier functions in the endothelial layer, 3, 4 which leads to the progressive dysfunction of the corneal endothelium. People with this disease are currently the most frequent recipients of corneal transplants. 5 FECD generally begins in the fifth decade of life and can progress slowly over the next two to three decades. 6, 7 Although rare, there is also an early onset form of this disease. 2, 7, 8 Although its pathogenesis has not been clearly elucidated, FECD is known to be an autosomal dominant disease with high penetrance that develops independently from systemic or environmental factors. [7] [8] [9] Therefore, understanding the genetic component of this disease is critical for the development of future therapies and preventative care. Three FECD susceptibility genomic loci 1p34.3-32, 13q12.11-q12.13, and 18q21.2-q21.32 have been previously identified through linkage studies of multigenerational families with autosomal-dominant FECD. 8, 10, 11 On the basis of studies reporting significant linkage of FECD, several pathogenic mutations in the collagen type VIII a2 gene (COL8A2), located on 1p34.3-p32, have been detected in affected individuals with FECD, and a strong association between FECD patients and genetic variants of COL8A2 has been validated by multiple studies. [6] [7] [8] 12 In particular, two missense mutations, L450W and Q455K, showed perfect concordance in an FECD family having early onset and are positioned within the triple-helical domain of a2 collagen type VIII, which leads to the structural alteration of Descemet's membrane. 6, 8, 13, 14 Also, in English FECD patients, three missense mutations of the COL8A2 gene, R155Q, R304Q, and R434H, were identified in familial and unrelated forms of common FECD, 8 whereas Aldave et al (2006) and Kobayashi et al (2004) reported that no COL8A2 variants associated with the common FECD subtype, late-onset FECD have been identified. 15 Furthermore, an observed association between the COL8A2 gene variants and FECD, as well as other corneal diseases, including keratoconus and posterior polymorphous corneal dystrophy (PPCD), was reported by others. 6, 8, 12, 15 Therefore, it is important to identify the genetic factors that determine susceptibility to FECD to gain an insight into the pathogenesis of FECD in Korean patients, because the susceptibility of mutations in COL8A2 can vary in different ethnicities and in the age of onset. 8, 12, [15] [16] [17] The association between variations in the COL8A2 gene and Korean FECD patients is yet to be investigated. In this study, we screened the COL8A2 gene for both familial and unrelated FECD patients to determine whether mutations in COL8A2 are responsible for causing FECD in a Korean population. In addition, we used two sequences homology-based software tools to predict the likely impact of the observed nonsynonymous mutations on the protein function.
Materials and methods

Subjects
A total of 25 FECD patients were screened, including 15 patients from six pedigrees with early onset FECD and an additional 10 unrelated patients, all of Korean ancestry. Each individual was examined and photographed using slit lamp biomicroscopy to document the presence of guttae. Seventy-three control individuals without corneal disease were selected from the general population. All FECD patients and controls were identified from the Korea Eye Tissue and Gene Bank related to Blindness, Department of Ophthalmology, the Catholic University of Korea. Appropriate informed consent was obtained from each subject and all studies were performed according to the tenets of the Declaration of Helsinki.
Genotyping of COL8A2 gene
DNA was extracted from peripheral blood samples by using the QIAamp DNA blood kit (Qiagen, Valencia, USA). All PCR reactions were carried out with 25 ng of genomic DNA as a template in a mixture of PCR buffer, 2.5 mM MgCl 2 , 200 nM dNTPs, 0.4 pmol of each primer, and 0.75 unit of h-Taq polymerase (Solgent, Daejeon, Korea). 8 The genotypes of SNPs spanning the coding region of the COL8A2 gene were determined by single-strand conformational polymorphism (SSCP) analysis and were confirmed by direct sequencing. For SSCP, 10 ml of PCR product were mixed with five volumes of denaturing buffer (90% formamide, 25 mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol) and incubated for 5 min at 951C. Samples were immediately put on ice and loaded on a non-denaturing polyacrylamide gel. After electrophoresis, the DNA bands were visualized by the silver staining method and then those showing variation were directly sequenced. For DNA sequencing, amplified DNA was purified using the QIAquick PCR purification kit (Qiagen) and sequenced directly according to the protocols accompanying the BigDye Terminator cycle sequencing kit (Applied Biosystems, Foster City, USA). The novel mutation, Q455V, was confirmed by analysis of the Fnu4HI RFLP (New England Biolabs, Beverly, MA, USA, Figure 1f ). Nucleotide sequences were blasted against the published cDNA sequence of the COL8A2 gene.
Prediction of the functional effect of amino acid substitutions
Two sequence homology-based programmes were used to predict the likelihood that an amino-acid substitution would have a phenotypic effect: PolyPhen (Polymorphism Phenotyping, http:// genetics.bwh.harvard.edu/pph/) and SIFT (Sorting Intolerant from Tolerance, http://blocks.fhcrc.org/sift/ SIFT.html). [18] [19] [20] SIFT is a sequence homology-based tool that presumes that important amino acids are conserved in the protein family. Hence, changes occurring at well-conserved positions are generally predicted to be deleterious. Substitutions at each position showing normalized probabilities less than a chosen cutoff value are predicted to be deleterious, and those greater than or equal to the cutoff value are predicted to be tolerated. The cutoff value in the SIFT program is a tolerance index of 40.05. The higher the tolerance index, the less functional impact a particular amino acid substitution is likely to have. The level of structural alteration caused by three nonsynonymous mutations was determined by applying the PolyPhen programme, which structurally analyses the amino-acid polymorphism and is used to predict whether an amino acid change is likely to be deleterious to protein function. The prediction is based on the position-specific independent counts (PSIC) score derived from multiple sequence alignments of observations. PolyPhen scores of 42.0 indicate probably damaging to protein function, scores of 1.5-2.0 as possibly damaging, and scores of o1.5 as benign and unknown. 18, 20 Statistical methods Data were analysed using online statistical analysis tools. Statistical differences in allele and genotype frequencies between the case and the control groups were determined using Pearson's chi-squared test or by Fisher's exact test, respectively. The Hardy-Weinberg equilibrium (HWE) of SNPs in patients and controls was calculated using the GenePop programme. The strength of the association was estimated by odds ratio of risk (OR) and 95% confidence intervals (CI) (JavaStat, http://members.aol.com/johnp71/ctab2x2.html).
Results
A total of 25 FECD patients were screened, including 15 patients from six pedigrees and an additional 10 unrelated FECD patients. All FECD patients, including 15 patients from six pedigrees and 10 unrelated patients, ranged in age from 20 to 81, with an average age of 47 years. Among the affected probands from FECD families, diagnosis was made between 21 and 40 years. Sixteen of the patients with FECD were women and nine patients were men. The 73 unrelated control populations aged between 30 and 75 years. PCRFSSCP and direct sequencing were used to screen genetic variations in COL8A2. Through this screening method, we identified three heterozygous missense mutations and two silent mutations: c.112G4A (A35A), c.471G4A (R155Q), c. 1370_1371CA4GT (Q455V), c.1492G4A (G495G), and c.1512C4T (T502M). These mutations are positioned within the COL8A2 triple-helical domain with the exception of mutation A35A (Figure 1a ). Among these mutations, the heterozygous two base pair transition of c.1370-1371CA4GT within the triple-helical domain of exon 2, which results in a substitution of valine by glutamine (Q455V), was present in all 12 patients from six pedigrees with a family history of FECD, but only in 2 of 9 unrelated FECD patients (22.2%) (Figures 1d, 1f and 2, Table 1 ). All FECD patients with Q455V revealed a fine distribution of guttae in contrast to patients with late onset FECD (Figure 3 ). But this Q455V mutation was not found in unaffected individuals from the same pedigrees or in control subjects (Table 1, Figure 2) . The c.112G4A variant within the non-helical region 2 (NC2) of exon 1 (A35A) was also associated with an increased risk for FECD. An increased frequency of the c.112G/G genotype was more prevalent in FECD patients compared to controls (68.8 vs 37.0%, P ¼ 0.026, OR ¼ 3.75, 95% CI: 1.216-11.460), but the c.112A/A genotype was not found in FECD patient groups. The frequency of the c.112G allele was 0.844 in FECD patients compared to 0.589 in controls (P ¼ 0.008), corresponding to an OR for G carriers of 3.77 (95% CI: 1.413-9.984) ( Figure 1b, Table 2 ). The c.1492G/G genotype (G495G) was significantly higher in FECD patients than in the control group (43.8 vs 13.2%, P ¼ 0.011, OR ¼ 4.90, 95% CI: 1.539-15.759), and the c.1492 G allele frequency was higher in FECD patients compared to controls (0.625 vs 0.388, P ¼ 0.018, OR ¼ 2.63, 95% CI: 1.210-5.698) (Figure 1e ). The two silent mutations were also statistically significant between the affected individuals and the control subjects ( Table 2) .
Although the heterozygous single base pair transitions c.471G4A (R155Q) and c.1512C4T (T502M) were identified in affected individuals, both mutations were also found in control subjects ( Table 1 ). The frequencies of the *G/*G and *G/*A genotypes of c.464G4A (R155Q) were 87.5 and 13.3% in FECD patients and 80.8 and 19.2% in controls, respectively. The *A/*A genotype was not found in both groups. The frequencies of the *C/*C, *C/*T, and *T/*T genotypes of c.1505C4T (T502M) were 75.0, 25.0, and 0.0% in FECD patients and 63.2, 35.5, and 1.3% in controls, respectively. There were no statistically significant differences in the frequencies of R155Q and T502M between the affected individuals and control subjects (Figure 1c and 1e, Table 2 ). The genotype distributions of all polymorphisms of COL8A2 among the control subjects and the affected individuals were in HWE.
We assessed mutations by two in silico prediction algorithms, PolyPhen and SIFT, to predict the functional impact of amino acid changes ( Table 3 ). The protein sequences of three nonsynonymous mutations were submitted independently to the SIFT programme to determine the tolerance index. All three missense mutations, R155Q, Q455V, and T502M, showed a highly deleterious effect, which was indicated by a tolerance index score of 0.00. The structural levels of alteration were determined by applying the PolyPhen programme, and a PSIC score difference was computed for each mutation. Two missense mutations, Q455V and T502M, were identified as being possibly damaging with a PSIC score of 1.538 and 1.693, respectively; thus, these mutations might significantly affect protein structure. R155Q was predicted to be benign with a PSIC score of 0.900. On the basis of these analyses using SIFT and PolyPhen, Q455V and T502M were predicted to be functionally deleterious.
Discussion
FECD is a primary degenerative disease that accounts for approximately 10% of all corneal grafts. 21 FECD is unfilled symbols, unaffected individuals; squares, male; circles, female; arrow, the proband; asterisk, individuals for whom DNA collection and genotyping of COL8A2 was performed. Missense mutations in COL8A2 (mutation order; R155Q, Q455V, and T502M); þ , wild type; M, missense mutation. characterized by a pleomorphic, attenuated corneal endothelium with an irregularly thickened Descemet's membrane and central corneal guttatae, which are refractile excrescences prominent on the posterior corneal surface. The endothelial cell abnormality in FECD remains poorly understood. However, on the basis of morphological abnormality, the altered synthesis or assembly of extracellular protein has been suggested to play an important role in the pathogenesis of FECD. Collagen type VIII a2 (COL8A2) is a major constituent in Descemet's membrane, in which it creates a matrix underneath the endothelial cells, in the form of a hexagonal lattice structure. It is characterized by a short triple-helical domain flanked by one triple-helical domain and two non-triple helical domains at the amino terminus (NC2) and the carboxyl terminus (NC1). In particular, it was reported that mutations in the triplehelical domain of the COL8A2 gene were identified as pathogenic mutations in an FECD-affected family and that these mutations lead to structural alteration in the Descemet's membrane. 6 6 reported that COL8A2 L450W demonstrated segregation with the disease phenotype in American familial FECD with early onset subtype and that it involved massive accumulation and abnormal assembly of collagen VIII within Descemet's membrane. 13, 14 However, neither mutation was identified in unrelated FECD patients with typical late onset. Moreover, Biswas et al (2001) 8 and Gottsch et al (2005a) 6 reported that Q455K and L450W were also associated with the diagnosis of sporadic PPCD, having some features similar to FECD.
In English FECD patients, three missense mutations of the COL8A2 gene, R155Q, R304Q, and R434H, were identified in the common, late onset form of FECD. 8 However, Kobayashi et al (2004) concluded that the R155Q and T502M mutations in the COL8A2 gene may not be causative for FECD because heterozygosity was observed in R155Q and T502M mutations not only in Japanese FECD patients but also in control subjects. 12 Moreover, a patient with the R155Q and T502M mutations showed no corneal guttae or endothelial cell decrease. Although Aldave et al (2006) 15 identified the R434H mutation of the COL8A2 gene in American FECD patients, R434H was also detected in an individual with keratoconus.
In this study, we identified three heterozygous missense mutations and two silent mutations: c.112 G4A (A35A), c.471 G4A (R155Q), c. 1370_1371 CA4GT (Q455V), c.1492 G4A (G495G), and c.1512 C4T (T502M). Among these mutations, the heterozygous two base pair transition of c.1370-1371 CG4AT within the triple-helical domain of exon 2 results in a substitution of valine by glutamine (Q455V). Q455V was present in all patients from six pedigrees of probands and two unrelated FECD patients with FECD early onset subtype, whereas it was not found in unaffected individuals from the same pedigrees or from control subjects or from any of the corneal diseases (Table 1, Figure 2) . A slit-lamp examination of patients with Q455V revealed features characteristic of FECD early onset subtype (Figure 3) . Thus, the Q455V mutation was presumed to play a pathogenic role in Korean FECD early onset subtype.
Four other previously described polymorphisms in the COL8A2 gene were also detected in the Korean FECD patients. Two silent mutations, A35A and G495G, were also associated with an increased risk for both familial and unrelated FECD patients, but these mutations may be considered nonpathogenic variants because A35A and G495G do not produce a change in the encoded amino acid. Both R155Q and T502M mutations were identified in Korean FECD patients and also in control subjects, but no statistically significant difference for these mutations was observed between Korean FECD patients and normal controls. However, L450W or Q455K mutations, which are known as pathogenic mutations in early onset subtype of FECD, were not found in the Korean FECD probands and unrelated patients of this study.
To predict the potential effects of missense mutation on protein function, we obtained estimates of the impact of three missense mutations through the use of two sequence homology-based programmes, SIFT and PolyPhen. Mutations within highly conserved regions are likely to be of greater phenotypic significance than those within more diverged regions. 18, 19 Moreover, several studies indicate that analysing nonsynonymous Figure 3 Slit-lamp photograph of a proband (age 35 years) of FECD-JHK pedigree with Q455V mutation of COL8A2. Cornea guttae appears as spots on the posterior corneal surface and shows early onset guttae pattern, which are more coarse and distinct.
mutations at the structural level is very important in understanding the functional activity of the protein of interest. [22] [23] [24] [25] The SIFT programme was applied to prioritize three missense mutations in the exon 2 coding region of COL8A2. The tolerance index score for each mutation was 0.00, predicting a deleterious effect for each. The structural levels of alteration were then determined by applying the PolyPhen programme in which a PSCI score difference of 1.1 and above is predictive of a structure damaging mutation. 18 Two missense mutations, Q455V and T502M, were predicted to be possibly damaging to protein structure with PSIC scores of 1.538 and 1.693, respectively. R155Q was predicted to be a mutation with a benign effect, indicated by a PSIC score of 0.900. Thus, two missense mutations, Q455V and T502M, were identified as potentially important in the identification of FECD caused by the COL8A2 gene. However, we suggest that the mutations associated with Q455V would be of prime importance in the identification of FECD caused by the COL8A2 variants, because the T502M polymorphism showed no statistically significant difference between Korean FECD patients and normal controls.
In this study, we identified a novel mutation, c.1370-1371CA4GT (Q455V), in COL8A2, which was associated with Korean patients with FECD early onset subtype. A Q455V, which is positioned within a short, triple-helical domain of COL8A2, represents a change in the chemical property of the amino acid. This change in chemical property from a nonpolar valine to a polar glutamine is thought to disrupt COL8A2 interaction with two COL8A1 proteins in the hexagonal lattice structure of Descemet's membrane in the posterior collagenous zone. 6, 8, 13, [26] [27] [28] Consequently, our data indicate that a Q455V mutation may act as a potential susceptibility mutation, which seem to be associated with FECD predisposition in Korean patients with FECD early onset subtype.
